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The conductance, g;, of many gap junctions depends on voltage
between the coupled cells (transjunctional voltage, Vj) with little
effect of the absolute membrane potential (V,,) in the two cells;
others show combined V; and V,, dependence. We examined the
molecular determinants of Vi, dependence by using rat connexin
43 expressed in paired Xenopus oocytes. These junctions have, in
addition to V; dependence, Vi, dependence such that equal depo-
larization of both cells decreases g;. The dependence of gj on Vi,
was abolished by truncation of the C-terminal domain (CT) at
residue 242 but not at 257. There are two charged residues
between 242 and 257. In full-length Cx43, mutations neutralizing
either one of these charges, Arg243GIn and Asp245GIn, decreased
and increased V,, dependence, respectively, suggesting that these
residues are part of the Vi, sensor. Mutating both residues to-
gether abolished V,, dependence, although there is no net change
in charge. The neutralizing mutations, together or separately, had
no effect on V; dependence. Thus, the voltage sensors must differ.
However, V; gating was somewhat modulated by Vy, and Vi,
gating was reduced when the V; gate was closed. These data
suggest that the two forms of voltage dependence are mediated
by separate but interacting domains.

G ap junction channels are unique among ionic channels in
that they span two cell membranes. They are composed of
two hemichannels, one in each membrane, that are tightly
docked head to head to form a pore that directly connects the
cytoplasm of two cells (1). In vertebrates, gap junctions are
formed by connexins (Cx), a gene family of protein subunits (2).
Given their architecture, gap junction channels are subject to the
influence of two types of voltage, that between the two cell
interiors termed transjunctional voltage (), and that between
the interior and exterior or the membrane potential (V4,), which
can differ between the cells and thus along the lumen of the
channel connecting the cells. Many gap junctions are sensitive to
V; with little effect of /,,, whereas others show combined ¥/ and
Vm dependence. The eponymous gap is accessible to small ions
and because there is negligible leak through the channel wall, the
potential in the gap is likely to be close to that in the bathing
medium (3). Vi, dependence of junctional conductance (gj) was
initially described in invertebrate (deuterostome) gap junctions
(4-7), which are formed by innexins, a family of proteins
unrelated to connexins (8). More recently, g; dependence of V,
has also been demonstrated in junctions formed of vertebrate
connexins in exogenous expression systems (9-11) as well as in
native cells (12, 13). Junctions comprised of different connexin
isoforms have divergent properties of Iy, dependence, varying in
their polarity of closing, voltage sensitivity, and kinetics (14).
V; dependence of vertebrate gap junctions has been extensively
analyzed by site-directed mutagenesis (15-18), but the molecular
basis of V), gating remains unknown. There is increasing evi-
dence that separate gates mediate V;,, and Vj dependence, a
hypothesis supported by the striking differences in the gating
induced by the two types of potential (14) and by the divergent
evolution of their properties among Cx45 junctions in different
vertebrate classes (10). Because the junctional conductance of
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rat Cx43 channels shows sensitivity to V7, as well as V;, we chose
to study the molecular determinants for 1}, regulation in these
channels. Cx43 is perhaps the most abundant gap junction
protein and is widely distributed in vertebrate cells and tissues
(19), being a major component of intercellular channels between
cardiac myocytes, astrocytes, and uterine smooth muscle cells. In
the present study, we have identified two charged amino acids
located at the most proximal region of the carboxyl-terminal
domain (CT) that are likely to be an integral part of the Vi,
sensor. Mutations of these residues altered V}, dependence
markedly but had no effect on V; dependence. From these and
previously reported data, a model was derived with fast and slow
V; gates and a V7, gate in each hemichannel.

Materials and Methods

Mutagenesis and Channel Expression in Paired Oocytes. The mutants
(G242stop, R243Q, and D245Q) were constructed by PCR
mutagenesis of rat Cx43 cDNA, as previously described for rat
Cx43 truncated at position 257 (S257stop; ref. 18), using the
following primers: G242stop, sense 5'-TGATATCCGAGCT-
GTCGATTATGGAGGAGA-3' that created a new EcoRV site,
and antisense 5'-CTTCACGCGATCCTTAACGCCTTTGAA-
GAA-3"; R243Q, sense 5'-GATCCTTACCACGCCACCACT-
GGCCC-3’, and antisense 5'-CGATTGTCCCTTCTTCACGC-
GATCCTTAAC-3’, which in combination created a new
BamHI site; D245Q, sense 5'-AGATCTCAGCCTTAC-
CACGCCACCACTGGC-3', and antisense 5-TCTTCCCT-
TCACGCGATCCTTAACGCC T-3', which introduced a new
BgllI site. The mutant carrying the double R243Q and D245Q
substitution was obtained by using the D245Q mutant as tem-
plate and the following primers: sense 5'-AGATCTCAGCCT-
TACCACGCCACCACTGGC-3’" and antisense 5'-TTGTC-
CCTTCACGCGATCCTTAACGCCT-3’, which destroyed the
BglII site created in the D245Q construct. The cRNA synthesis
and purification were performed as previously described (18).
Oocytes were removed from the ovaries of Xenopus laevis
(African Xenopus Facility, South Africa) under anesthesia and
prepared as described (13).

Electrophysiology and Data Analysis. The macroscopic junctional
conductance (gj) between the paired oocytes injected with cRNAs
(0.1-0.5 pg/pl; 50 nl/oocyte) and an antisense directed against
Xenopus Cx38 mRNA (10 ng/oocyte; ref. 20) were measured with
the dual voltage clamp technique (21). The influence of V;, on g;
was explored by applying equal displacements of the membrane
potential in both cells of a pair (V7 and V) while gj was monitored
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Localization of the Vi, determinants in the CT domain of rat Cx43. WT and the Cx43 channels truncated at positions S257stop and G242stop were

expressed in Xenopus laevis oocytes pairs. (A) Sample records of nonjunctional and junctional currents (/;) induced by the equal displacement of membrane
potentials in the two cells (V4 and V5; steps of 40 s from —100 to 0 mV in increments of 20 mV, returning to —100 mV for 40 s between each step). The junctional
currents (/;) measured in oocyte 2 after application of small V; pulses in oocyte 1 (+10 mV, 500 ms, 1 Hz). For WT (left) and S257stop (center) junctions, /; decreased
on depolarization, more rapidly and to progressively lower steady state values as more positive potentials were achieved. J; recovered to its initial values on
returning to —100 mV. The mutation G242stop largely abolished the dependence of junctional conductance (g;) on Vi, (right). (B) Vi, dependence of the time
constant of decrease in gj. The time course of relaxations to Gjs was well fit by single exponentials (/nset) with long time constants that were shorter at more
positive voltages. The smooth curve is derived from calculations assuming a single Boltzmann model. (C) Graphs of Gjss/ Vi relations where Gjss is normalized to
the value at —100 mV. The smooth curves are derived from fits to the square of a Boltzmann relation based on a model of two independent gates in series, one
in each hemichannel (except for WT-G242stop, for which a single Boltzmann and gate were assumed). The parameters are given in Table 1. The Gjss of WT (O)
and truncated S257stop (A) junctions decreased by ~50% when Vi, increased from —100 to 0 mV. Gjss of truncated G242stop junctions (m) was quite insensitive
to V. The Gjss/ Vi curve of hybrid WT-G242stop junctions (®) was in between those of the homotypic junctions of the component combinations, suggesting that

only the Vi, gate of WT hemichannels contributed to their Vi, dependence. Each point in B represents mean values (+SEM) of six pairs.

by test V; pulses (10 mV, 500 ms, 1 Hz), too small and brief to induce
changes in g;. The V; pulses were created by voltage steps in cell 1,
and defined as V; = V| — V>, whereas currents injected in cell 2 to
hold its potential constant were equal in magnitude and opposite in
sign to the currents flowing through the junctional channels (I;).
Voltages and currents in cell 1 and 2 are displayed positive up so
that 7; in cell 2 is downward for positive V; in Figs. 1 and 2. Because
total current in cell 2 was the sum of junctional (/;) and sometimes
slowly changing nonjunctional (/j) currents induced by the simul-
taneous application of the Iy, step and the V; pulses, the junctional
current in Fig. 3C was calculated as [; = I(V; = 10 mV) — I(V; =
0) measured at the center of each V] pulse and at the center of the
next interpulse interval. For this figure, I; is plotted positive up. g
was calculated as [j/Vj. Influence of Vj on gj (Fig. 3B) was charac-
terized as in Revilla et al. (18). Stimulation and data collection were
performed as previously described (10, 18).

Steady state gj values (gjs;) measured at the end of V;j pulses
were normalized relative to the gj value for brief V; prepulses (10
mV), and the Gjs/V;j relation was modeled according to the
two-state Boltzmann model (21). In the V;, protocols, gjs was
normalized to its value at a holding potential of —100 mV to give
Gijss, which was plotted as a function of V4,. To analyze the V4,
data, we assumed two independent Vj gates in series, one per
hemichannel (5, 10, 14). We also assumed that each gate could
be either open or completely closed and that for each gate the
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steady state probability that it was open, poss, Was given by a
Boltzmann relation of the form:

Poss = {(Pomax - Pomin)/(1 + eXp[A(Vm - VO)])} + Pomin

where Pomax and Pomin are the maximum and minimum values of
P, V, is the voltage at which Poss = (Pomax — Pomin)/2 + PominP,
A[A = nq/kT]is a constant that expresses the voltage sensitivity
in terms of gating charge, the equivalent number () of electron
charges (¢) moving through the entire membrane voltage, and
KT has its usual significance. Junctions with a single functional
Vm gate on one side, i.e., junctions formed of wild-type (WT)
Cx43 on one side and a truncation mutant lacking V;, depen-
dence on the other side are described below. For these junctions,
P, times N, the number of channels, times vy, the single channel
conductance, gives gj, and after normalization:

sts = {(Gjmax - (;jmin)/(1 + eXP[A(Vm - VO)])} + Gjmin

where G;g is the normalized steady state value as a function of
Vi, Gimax 18 the maximum steady state conductance, and Gjmin
is the residual conductance or V7, insensitive component. The
same form of the equation applies to the situation where the
channel closes to a substate, +ys, rather than to a non-zero P,.
Parameters of voltage dependence were determined by treating
Gimax, Gimin, A, and Vy as free parameters and applying an
iterative procedure of fitting (10). The time course of g; transi-
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Effects of mutations R243Q and D245Q on Vi, gating. (A) Diagram of the topology of connexins (left). There are four transmembrane domains (M1-M4),

two extracellular (E1, E2), cytoplasmic N- and C-terminal (NT, CT), and a cytoplasmicloop (CL). Amino acid sequence of the CT at its border with M4 (right) showing
sites of the truncation mutants. The region between residues 242 and 257 contains one positively charged residue, Arg-243, and one negatively charged residue,
Asp-245. (B) Sample records of nonjunctional and junctional currents as in Fig. 1 for mutants carrying single and double neutralizations (R243Q+D245Q, left;
D245Q, center; and R243Q, right). The double mutation virtually abolished Vi, sensitivity. The single mutations, D245Q and R243Q, increased and reduced
dependence of gjon Vy, respectively. (C) Graphs of Gjss/ Vi relations. The curves are fits of the squared Boltzmann relations with parameters of Table 1. The g;
of junctions carrying the double R243Q+D245Q neutralization (A) was not Vy, sensitive. The single mutations, R243Q (m, broken line) and D245Q (@, dotted line),
altered in opposite directions the steepness of Vi, gating relative to WT (O, continuous line). The mutations also produced corresponding changes in Vy, the
voltage for half change in the Vp, sensitive component, relative to WT (/nset). Each point in C represents mean values (+SEM) of six pairs.

tions was fitted with exponentials with R > 0.999 by using
CLAMPFIT (pCLAMP, Axon, CA) and the 7/V, relation calcu-
lated from the equations derived from first-order kinetics (22).

The model differs somewhat for channels that have two
functional V}, gates and zero conductance if one or both of the
Vm gates is closed, i.e., the closed gates do not have a finite
residual conductance (we will justify this assumption in the
presentation of Fig. 3). In this case, the open probability will be
given by the square of Boltzmann relation for the single gate:

PO = {(Pomax - Pomin)/(1 + GXP[A(Vm - VO)]) + Pomin}2

where P, is the steady state open probability of the channel, and
Pomax and Pomin are the limiting values of the open probabilities
for the two series gates. If Pomax approaches 1, Pomin Will be given
by (Gjmin/Gjmax)1/2~

Results

Localization of Molecular Determinants for Vi, Gating in the Cx43
Molecule. Rat connexin 43 junctions exhibit combined mem-
brane potential (V,) and transjunctional voltage (V) depen-
dence of junctional conductance, g (9, 18). The Vy, depen-
dence of gj was explored independently of Vj dependence by
applying equal displacements of the membrane potential in
two cells of a coupled pair. With V; = 0, increasing depolarizing
steps applied to both cells induced progressive reduction in g;.
On returning to the holding potential of —100 mV, g; recovered
its initial value (Fig. 14 WT). The steady state Gj/Vy curve
was well described by the square of a Boltzmann relation (Fig.
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1C, Table 1), a calculation based on the assumption that there
are two identical but independent V;, gates in series, one per
hemichannel. Over the range of membrane potentials ex-
plored, Gjss changed ~80% of the difference between the
extrapolated values of Gjmax and Gjmin. Decay and recovery of
g in response to application of V), were monotonic and
approximately exponential, with time constants of several
seconds (Fig. /1B). We did not attempt to fit the time course
data with a squared Boltzmann relation.

It has been previously reported that the gj transitions induced
by V;in RCx43 junctions have fast and slow components, the fast
component being larger at larger V; (=80% at ; = —100 mV).
Truncation of the CT domain by the mutation S257stop alters
the transitions; there is a single component of decay in g; with a
time constant somewhat shorter than that of the slow component
of WT junctions (18). Vi, dependence of Gjss of S257stop—
S257stop junctions was virtually identical to that of the WT
channels (Fig. 14 S257stop and 1C; Table 1), indicating that
residues 257-382 of the CT domain do not participate in Vi
regulation. However, shortening of the CT to the minimum
length that still retains channel-forming ability (23) by the
mutation G242stop almost completely abolished g; dependence
on Vy, (Fig. 14 G242stop) whereas Vj gating did not change
significantly. The conductance of hybrid junctions comprised of
G242stop hemichannels on one side and WT hemichannels in
the other cell was V74, sensitive, but the sensitivity of Gjss was
intermediate between those of the respective homotypic junc-
tions (Fig. 1C). The Gijss/Vm relation for G242stop-WT junctions
was well fit by a single Boltzmann function with parameters close

Revilla et al.
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Fig. 3. Interactions between V;and Vi, gating. (A) Effect of Vi, on V; dependence. Records of junctional currents (/) elicited by the same V; steps (=100 mV by
20 mV increments and 30 s duration) applied at two holding potentials (Vi, = 0 and —80 mV). The V,,, difference changed junctional conductance from gjo mv) =
2.72 uSto gj (—so mv) = 4.80 uS, but the junctional currents declined for increasing positive and negative V; steps with similar characteristics (positive /; are shown
upward). (B) Plots of Gjss/Vj relations normalized to gjat 0 (O) and —80 mV (®) were essentially superimposable, indicating that V; gating was little affected by
V. (C) Effect of V; on V;, dependence. Sample records of junctional currents (/}) after subtraction of nonjunctional currents evoked by the same V;, protocol as
inFig. 1for Vj = 0 (left) and Vj = +80 mV (right) in pairs expressing WT and truncated S257stop junctions. Conductances at the two holding potential were gjw, =
0) = 8.31 and gj; = 80) = 1.57 pS for WT junctions and gjw; = 0) = 10.81 to gjw; = 80) = 1.27 S for S257stop junctions. With V; = 0 mV, equal depolarization
of both cells equally decreased gj of WT and of S257stop junctions. However, when g;j was reduced at Vj = +80 mV, Vi, sensitivity of WT junctions was markedly
reduced, whereas sensitivity of $257stop junctions in which the fast V; gate was removed (18) was little affected. For comparison, current gains are increased for
the V; = +80 mV records. (D) Gjss/ Vi relations of WT (O) and truncated S257stop (®) junctions for Vj = +80 where Gjis normalized to the value at Vi, *. The curves
are fits of the squared Boltzmann relations with parameters of Table 1. Each point represents mean values (SEM) of four pairs. (E) Gating model for the
combined Vj and V,, dependence of Cx43 junctions. See Discussion.

to those used in the squared Boltzmann relation to describe the  conclusion previously reported for other hybrid junctions (10,
behavior of homotypic WT junctions (Table 1). This result  14). Taken together, these results strongly suggest that the CT
suggests that the I}, dependence of the hybrid junctions was due  region between 242-257 contains residues required for Vi,
to the single V}, gate contributed by the WT hemichannels, a  dependence of RCx43 junctions.

Table 1. Boltzmann parameters for Vi,-dependence of WT and mutant RCx43 junctions

A, [\ n, 20°C Vo, mV Gjmax Gjmin Pomin
WT/WT (V; = 0)* 0.043 1.09 —54 1.03 0.78 0.61
WT/WT (V; = 80)* 0.031 0.79 —38 1.01 0.92 0.85
S257stop/S257stop (V; = 0)* 0.041 1.06 —59 1.04 0.79 0.62
S257stop/S257stop (V; = 80)* 0.037 0.94 -62 1.05 0.77 0.59
G242stop/G242stop NE NE NE NE NE NE
G242stop/WT" 0.046 1.16 —60 1.02 0.81 —
R243Q + D245Q/R243Q + D245Q* NE NE NE NE NE NE
R243Q/R243Q* 0.027 0.69 +11 1.04 0.91 0.83
D245Q/D245Q* 0.059 1.48 —64 1.04 0.41 0.64

*Gjss/ Vm relations of homotypic junctions were described by the square of a Boltzmann relation, based on a model of two independent
Vm gates in series, one in each hemichannel, where each gate could be either open or completely closed.

The Gjss/Vim relation of the heterotypic G242stop-WT junctions was fit by a single Boltzmann relation, assuming that only the gate of
the WT hemichannels was contributing to the Vi, sensitivity; the calculated parameters were close to those of the WT gate obtained
by fitting a squared Boltzmann. NE, not estimated; the changes in Gjis were too small to allow accurate determination of the parameters.
However, the smooth curves for these junctions in Figs. 1-3 were obtained by the same fitting procedures as for the more sensitive
junctions.
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Identification of Residues that Participate in V,, Sensing. The loss of
Vm sensitivity caused by the truncation of the CT domain at
position 242 but not at position 257 may be due to loss of charged
residues that contain or contribute to the 1/, sensor. Remark-
ably, there are only two charged residues in the primary sequence
of RCx43 in this region, positively charged Arg-243 and nega-
tively charged Asp-245 (Fig. 2A4). To investigate the role of these
charges, we engineered full-length Cx43 in which one or both of
these amino acids were replaced by glutamine, a polar uncharged
residue. The double neutralization, R243Q and D245Q, virtually
abolished V3, dependence (Fig. 2B R243Q+D245Q and 2C),
whereas the D245Q mutation increased sensitivity and the
R243Q mutation decreased it, but not to the extent of the double
mutation (Figs. 2B R243Q and D245Q and 2C). These data
indicate that Arg-243 and Asp-245 are required for Cx43 chan-
nels to sense V. The single neutralization of the positively
charged residue, R243Q, reduced V;, dependence and decreased
the equivalent gating charge (Table 1). Conversely, neutraliza-
tion of the negatively charged residue (D245Q) increased Vi,
dependence and increased the equivalent gating charge by a
similar amount. The R243Q mutation moved V) in the positive
direction whereas the D245Q mutation shifted ) to a more
negative value, as appropriate for the changes in gating charge
(Fig. 2C Inset). The single and double neutralizations had little
if any effect on V; dependence of g; (illustrated in supplementary
text and supplementary Fig. 4, which are published as supple-
mental data on the PNAS web site, www.pnas.org).

Interactions Between Vi, Gating and V; Gating. Because truncation
at residue 257 affects Vj sensitivity (18), and truncation at nearby
residue 242 blocks Vi, sensitivity with no further change in V;
sensitivity, we investigated whether Vj and V7, gating interact. At
Vi values of —80 and 0 mV at which Gijs, differed almost 2-fold,
V; gating was virtually the same (Fig. 34 and B). The kinetics was
not distinguishably different, and the steady state Gjs/V rela-
tions, normalized to the different values of gj at /; = 0, also were
little affected. These data indicate that V; gating operates
independently of V}, gating. Previously, mouse Cx45 junctions
were shown to have very similar V; gating at different V', values
that changed g; on depolarization by a factor of 2.5 (10).

We also studied V5, gating in the presence of a fixed, non-zero
Vi. Cx43 junctions are particularly suitable for this kind of
analysis because the residual conductance or Vj-insensitive com-
ponent is large enough to allow estimation of Vy, effects at large
V’s. For the example of Fig. 3, we defined Vi,* = (V1 + V2)/2
and examined V,* dependence for V; = +80 mV from V,* =
—100 mV to 0 mV. A Vjof +80 mV at V;,* = =100 mV, ie., V;
= —60 mV and V>, = —140 mV, decreased conductance to a
value very close to the Vj-insensitive component (Fig. 3B). Equal
depolarization of both cells induced an additional reduction in
gj» but the sensitivity to V, was reduced somewhat more than
would result from block of a single V},, gate (Figs. 3C WT and
3D). Thus, the presence of a large V; appears to interfere with
operation of both V7, gates. To explore this interaction further,
we carried out the same experiment evaluating the effect of a
maintained V; on V,, dependence in S257stop-S257stop junc-
tions, which lack fast Vj gating (18). Furthermore, Gjmin Was
markedly smaller for these mutant junctions than for wild type,
0.16 vs. 0.36 respectively for V; < 0 and 0.13 vs. 0.24 for V; > 0.
The Gijss/Vm relation was little affected by this mutation (Figs.
14 S257stop and 1C; Fig. 3C S257stop left). Moreover, when g;
was decreased by a V; of +80 mV, the fractional change in g; was
the same as in the absence of V; gradient (Figs. 3C S257stop right
and 3D). Thus, truncation at 257, which abolished the fast V]
gating, restored V7, gating in the presence of V.

14764 | www.pnas.org

Discussion

Structure—Function Analysis of V., Dependence of Cx43 Channels. We
identified two charged residues, Arg-242 and Asp-245, that are
likely to be an integral part of the 1/, sensor and that are located
in the (cytoplasmic) CT domain close to its junction with M4, the
fourth transmembrane domain. Mutations of these residues that
altered V7, gating did not have any influence on V] gating, and
the S257stop truncation that greatly modified V; gating did not
affect Iy, sensitivity. Taken together along with the difference in
residual conductance, Gjmin, the results indicate that V4, and V]
regulation of Cx43 junctional conductance is mediated by sep-
arate but interacting domains.

Truncation by the mutation G242stop greatly reduced Vi,
sensitivity whereas truncation by S257stop had little effect on
this property. Only two of the residues between positions 242 and
257 are charged, Arg-243 and Asp-245. When the acidic residue
was replaced by Gln, a neutral amino acid, the Gjss/Vm relation
was increased in steepness and V), was shifted in the negative
direction, suggesting that D245 is part of the V;, sensor. When
the basic residue was replaced by Gln (R243Q), the Gjss/Vm
relation was decreased in steepness and V) was shifted in the
positive direction, suggesting that R243 is also part of the I,
sensor and that it moves in the same direction as D245 during Vy,
gating. However, the effects of the two mutations did not
summate, and the double mutation, which is electrically neutral,
virtually abolished V;, dependence. Apparently the double mu-
tation caused structural changes that prevented V5, gating.
Although the anatomical symmetry of gap junctions suggests
that there are two V7, gates in series, a single Boltzmann relation
fit the Gijss/Vm relation about as well as the squared Boltzmann
relation (with different parameters). However, the heterotypic
junctions WT-G242stop would be expected to have only one Vp,
sensitive gate, and the single Boltzmann with the same param-
eters as for the squared Boltzmann applied to WT junctions gave
an excellent fit. This observation is strong evidence for series
Vm gates and applicability of the squared Boltzmann to WT
junctions.

A Novel Gating Model for Connexin Channels with Combined V; and V,
Dependence. A model for the actions of V; and V4, on Cx43
channels can be derived from data obtained in this paper and a
previous analysis of the Vj dependence (18). We hypothesize that
each hemichannel contains a set of three gates, one fast gate and
one slow gate under V; control and one slow gate regulated by
Vm (Fig. 3D). The three gates appear to involve different regions
of the connexin molecule, because they can be modified inde-
pendently by different mutations and their residual conduc-
tances are different. The distal part of CT domain is involved in
the fast V; gating process, because deletion of the 257-382 region
modified the time course of gj transitions from a two-component
decay to a single-component with a slow time constant. Block of
the fast component by the 257 truncation and the asymmetry of
the Gijss/Vj relation in heterotypic WT-S257stop junctions sug-
gest that there are two Vj gating mechanisms within the
hemichannel, each operating with the same negative polarity of
closing, defined as relative negativity in cytoplasmic side (18).
The distal end of the CT may move to partially occlude the
channel during fast Vj gating as has been proposed for pH gating
(24). Interestingly, attachment of aequorin (25) or of enhanced
green fluorescent protein (EGFP; ref. 26) to the CT of a
full-length Cx43 blocks fast Vj gating. The mutations Arg-243 and
Asp-245 affecting V;, gating also are located in the CT but more
proximal to the region required for fast Ij gating. In the absence
of Vj gradients, Cx43 conductance is exclusively dependent on
Vm, which induces closure by membrane potential depolariza-
tion. When the CT domain was truncated at position 242, fast V]
and Vy, gating were blocked, but the slow 1 gating seen in the
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S257stop mutant was little affected. In Cx43 junctions, the sensor
for the slow mechanism of V; gating may correspond to those
initially proposed for Cx32 and Cx26 junctions, where the
charged amino acids located in the NT domain and at the
beginning of the first extracellular loop determine the polarity of
closing of the channels (15, 17).

In this model, Gj should be governed by the combined action
of three gating mechanisms according to their kinetic properties
and their polarity of closing. Moreover, the effects on conduc-
tance will be also determined by the nature of interactions
between the gating mechanisms, which will depend critically on
their structural basis and where they are located with respect to
each other and to the channel lumen. Interactions could be
allosteric or could result from changes in the local electric field
by the gating mechanisms. The fast and slow Vj gates may interact
electrically. At large Vj, the fast V; component dominates the
conductance change of WT junctions, and Gjmin Was larger than
in S257stop junctions. This result suggests that the fast gate has
a larger residual conductance and prevents closure of the slow
gate. That the time constants for the 257 truncation mutant are
somewhat shorter than for the slow component in the WT may
result from a larger voltage across the sensor in the absence of
the fast gating mechanism. Operating in a different time regime,
a large value of Vj that closes most V; gates modifies V;, gating,
and it appears that the V7, gate does not operate when the V] gate
is closed (Fig. 3 C and D). (See supplemental material for further
discussion of V-V, interactions.)

Single channel analysis of the gating mechanisms should reveal
the classes of gating events, including their probabilities, residual
conductances, and intervening states. }j induces fast transitions
between fully or partially open states and residual states of low
conductance (27). In addition, slow transitions to a fully closed
state have been recorded at larger Vjin WT junctions (28). These
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two kinds of transition presumably underlie the two types of V;
sensitivity considered here. In Cx43-EGFP junctions, which lack
fast V; gating, fast transitions to a residual open state are not
present, and channels close fully by slow transitions (26). The
events in V), gating have not yet been observed at the single
channel level, but the ability of V5, to further reduce the
Vi-insensitive component of macroscopic conductance is an
indication that V;, gating mediates transitions between open and
fully closed states of channels. Full closure of the channels is also
suggested by the fact that the Vj gating properties of Cx43 (Fig.
3 4 and B) do not change significantly at different membrane
potentials although the V4, induces large variations in macro-
scopic junctional conductance. If V;, gates closed to a subcon-
ductance state, one would be expected that the voltage across the
V; gates would change affecting kinetics and steady state values.

The model presented here may be applicable in whole or in
part to other V.- and Vj-sensitive gap junctions of vertebrates
(11, 14). The dependence on V4, in some vertebrate junctions is
sufficiently great that intercellular coupling could be directly
regulated by the membrane potential, a parameter that is always
present and that varies, particularly in excitable cells. Dynamic
changes of coupling coefficient in phase with membrane poten-
tial oscillations occur in pancreatic B-cells (29), which may
indicate that the conductance of those junctions is V;, depen-
dent. V; gating would regulate coupling when membrane poten-
tials differed, as in asynchronously active excitable cells.
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